systems, investigators first have been studying immunodeficient mice using engrafted human cells from hematopoietic stem cells (HSCs) (McCune, 1988; Shultz et al., 2012) .
Additionally, humanized mice can facilitate studies on immune response caused by human leukocyte antigen (HLA) mismatching and on human diseases such as cancer (Henderson, 1994; Hu, 2016; Morton, 2016; Serr et al., 2016; Luce et al., 2018) Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice, with a mutation in the IL-2Rr chain, which optimally support human T cell development (Ito et al., 2002; Shultz et al., 2005) . Development of non-obese, diabetic mice with the Nod-scid gamma mutation was an advancement compared to the NSG mice developed previously. This proved to be a breakthrough in the development of humanized mouse models.
This strain is more suitable for the generation of human T cells, as compared to the previous mouse strains such as C.Cg-R ag2 t mFwa I l2rg t m Sug and C; 129S4-Rag2 t mFlv I l2rgt m 1Flv /J. (Traggiai et al., 2004; Song et al., 2010) . All strains showed enhanced engraftment of human HSCs, long life span, and production of functional immune responses, but, their efficacy was low. It was difficult to evaluate the crosstalk between lymphoid cells and pathogens. In this review, we summarize basic T cell development in the thymus of humanized mice, and suggest a so- (Shultz et al., 2010) . Many approaches using MHC mutations have allowed the establishment of HLA restricted humanized mouse models to study human immune systems (Watanabe et al., 2009; Jaiswal et al., 2012; Billerbeck et al., 2013; Thomas S, 2014 (Suzuki, 2012; Billerbeck et al., 2013; Masse-Ranson et al., 2019) . Although development of functional T cells in humanized mouse models has shown advancement in comparison to previous exper-iments, the production of T cells stimulated by human epitopes failed in xenograft models. To overcome this issue, amp-peptide with poly I:C, artificial mimetopes, and human viruses were directly injected into humanized mice (Serr et al., 2016; Coleman et al., 2018; Kruse, 2018) . Also, the tumor associated antigen, Wilms tumor 1 (WT1), was recognized by human CD8 T cells in NSG mice (Najima et al., 2016 In a humanized mouse model, blood cell reconstitution from adult HSCs was already confirmed in various conditions (Traggiai et al., 2004) . HSCs are derived from human origins such as cord blood, bone marrow, and peripheral blood, but, thymic epithelial cells for human cell generation in a humanized mouse model are of mouse origin.
Secondary lymphoid tissues (SLT) such as the thymus and lymph nodes are essential to completely mimic the human immune system in the mouse model (Takahama, 2006; Li et al., 2018) . Amid these, human thymic epithelial cells, which express MHC molecules, have an affinity for CD4 HSCs are first generated in the bone marrow, and then migrate into the thymus via peripheral blood, and begin to develop into T cells (Lambolez, 2006; Takahama, 2006) .
The progenitors of T cells within the thymus are known as thymocytes, which undergo several steps of maturation.
The degree of maturation of thymocytes can be identified in terms of expression of some cell surface markers. Early T lymphocyte progenitors in the cortex of the thymus are defined as double negative (DN) thymocytes, which do not express CD4 and CD8 co-receptors (Punt JA, 1996) . These DN cells with the CD44 + CD25 + phenotype in the cortex can further differentiate into CD4 and CD8 double positive (DP) cells via TCR beta-selection (Prinz et al., 2006; Fayard et al., 2010) . As selected cells have a stably rearranged TCR-β chain locus, these cells successfully acquire CD3 molecules, and express the CD4 and CD8 coreceptors (Fehling, 1995; Bruno, 1996) . In contrast, cells which cannot undergo beta-selection die via apoptosis. T cells that have survived beta-selection rearrange their TCR-alpha chain loci to produce an αβ-TCR (Chan, 1993; Davis et al., 1993) . Re-arrangement of TCRα locus has Lan et al., 2006; Karpel et al., 2015; Lavender et al., 2013 PBL, peripheral blood lymphocyte; PB, peripheral blood; GVHD, graft-versus host disease; LT-HSC, long term hematopoietic stem cell; SRC, scid repopulating cells; NK, natural killer; BLT, bone marrow liver thymus; BM, bone marrow, HLA, human leukocyte antigen. such as dendritic cells and macrophages (Steinman, 1991; Ridge, 1998) . Antigens need to migrate to lymphoid tissues via blood, lymph, and APCs. APCs ultimately provide antigen epitopes, also known as signal I, co-stimulatory cytokines such as CD28, CD80/CD86, CD40/CD40L, known as signal II, and cytokines including IFN-gamma, IL-12 and IL-4, known as signal III to naïve T cells (Fitzpatrick et al., 1996; Lenschow et al., 1996; Schoenberger, 1998; Murphy & Reiner, 2002) . 
